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[bookmark: _Toc100489399][bookmark: _Toc100604464]1	Abstract
Throughout this report the concepts of power factor correction are investigated and tested. The report investigates what power factor correction is, why it is important and how it is achieved. It also investigates the theory behind how it works and what happens within the RLC network when it is achieved. The theoretical side of these concepts are researched before calculations, simulations and graphs are used to test the theory.

The main objective is to develop a thorough understanding of power factor correction and the theory behind it.

[bookmark: _Toc100489400][bookmark: _Toc100604465]2	Introduction
[bookmark: _Toc100489401][bookmark: _Toc100604466]2.1	Basic Overview of the RLC Circuit and the Powers Present

The circuit being analysed is an RLC circuit which contains resistive, inductive, and capacitive elements. The resistive and inductive elements represent a motor winding, and the capacitive element represents a power factor correction (PFC) capacitor added to improve the power factor.

Active, Reactive, and apparent power are the three types of power present in an AC circuit

Active power does ‘real work’, such as generating heat or creating light. This is caused by resistive components. It is required for the circuit to function and cannot be reduced through PFC [1].

Reactive power is caused by reactive components and does not complete any ‘real work’. It is purely used for energy storage in devices such as inductors and capacitors. It is required to generate an electromagnetic field. Wasted reactive power flows back to the source [2]. 

Apparent power is the total power flowing between the source and the load. It relates to the reactive and the active power. If either of these powers change, the apparent power changes too.

The three powers can be expressed using the power triangle, shown in figure 1. This shows that if the reactive power is reduced, so is the apparent power.

[image: Power triangle relating appearant power to true power and reactive power.]

Figure 1 – the power triangle [3]
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[bookmark: _Toc100604467]2.2	Power Factor

The power factor is a measure of how efficient a system is in terms of how much power is wasted [4]. It is active power divided by the apparent power. The power factor value will always be between 0 and 1 since active power cannot be higher than the apparent power. A high power factor means there is a low reactive power, meaning less power is wasted through being returned to the source. Having a high power factor means more useful power can be delivered to the consumer because the power lines and generators will be rated to a maximum apparent power. With a power factor of 0.5, only 50% of the transferred power is active power. This will cause additional transmission line losses and add extra, unnecessary loading on the distribution system. The increased supply current also causes a larger voltage drop making regulation more difficult [5]. Many providers will penalise commercial customers for having a poor power factor because of this, since most customers are billed for active power rather than apparent power.

[bookmark: _Toc100489403][bookmark: _Toc100604468]2.3	Correcting the Power Factor

To improve the power factor, reactive power must be minimized. Reactive power is 90 degrees out of phase with the voltage. Inductive and capacitive currents are out of phase in opposite directions, meaning they are 180 out of phase with one another and have opposite signs.  An inductive current causes the supply current to lag the voltage. A capacitive current will cause the supply current to lead the voltage. When these are equal, they cancel each other out [6]. When they are equal, the supply current is in phase with the voltage, meaning the circuit is purely resistive and has no reactive power. The power factor becomes one, known as unity.

Most industrial installations will have a highly inductive load due to transformers and motors. Capacitors are added in parallel to cancel out these inductive loads and minimize the reactive power. A high power factor can sometimes be difficult to achieve due to the number of variables involved, such as component tolerances, component availability, supply voltage variations and load impedance variations. In large installations, power factor correction units, such as the one shown in figure 2, are used. These systems can monitor the power factor and switch capacitors on/off to maintain a high power factor. These devices can be very expensive, so it is important to consider whether the energy savings justify the investment.
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Figure 2 – Power factor correction unit [7]

[bookmark: _Toc100489405][bookmark: _Toc100604469]3	Methods used Throughout the Report
[bookmark: _Toc100489406][bookmark: _Toc100604470]3.1	Proteus Circuits
 
Figure 1 shows the circuit in Proteus before PFC. R1 represents the source resistance and R2 represents the load resistance. L1 is the inductive load. In this circuit, there is no power factor correction capacitor. Figure 2 shows the circuit with a PFC capacitor added in parallel with the load which was calculated using the formulas in section 2.2.3.
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Figure 3 – RL Circuit in proteus
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Figure 4 – RLC circuit in proteus







[bookmark: _Toc100489407][bookmark: _Toc100604471]3.2	Formulae Used

There are many formulae which are used in this report. These are shown in this section with a brief description of what is being calculated.

[bookmark: _Toc100489408][bookmark: _Toc100604472]3.2.1	Calculating the Phase Angle in Proteus 

To do this, the time difference between the peak current and peak voltage must be measured. The formula is shown below.


[bookmark: _Toc100489409][bookmark: _Toc100604473]3.2.2	Calculating Power Values, Power Factor, and the Phase Angle

To calculate the power values, the rectangular representation of apparent power (S) should be calculated. This is the product of the load voltage and supply current. From S, the real value represents the active power, the imaginary value represents reactive power, and the absolute value represents apparent power. The angle from the polar representation is the phase angle. 















Reactive power = Q









[bookmark: _Toc100489410][bookmark: _Toc100604474]3.2.3	Calculating a Suitable Capacitor Value

To provide a unity power factor the capacitive current must be equal to the inductive current. By finding the inductive current and substituting it for capacitive current, the required capacitor value can be found. 



The result of this will return a complex number. The inductive current (IL) is represented by the imaginary number. IL must equal IC so the formulae below can be used.







This will provide the required capacitor value to theoretically provide a unity power factor

[bookmark: _Toc100489411][bookmark: _Toc100604475]3.2.4	Calculating the Resonant Frequency

The resonant frequency is the frequency at which the reactive current resonates between the inductor and the capacitor. There are two methods of calculating this. This paper will use the more advanced, more accurate version of the formula since it considers the resistance of the circuit.



[bookmark: _Toc100489412][bookmark: _Toc100604476]3.2.5	Calculating the Q Factor

The Q factor is the magnification factor between the supply current to the reactive current. 


[bookmark: _Toc100489413][bookmark: _Toc100604477]3.2.6	Calculating the Impedance after PFC

To calculate the load voltage after power factor correction, ZRLC must be calculated. This is used instead of ZRL throughout the rest of the calculations.





[bookmark: _Toc100489414][bookmark: _Toc100604478]3.2.7	Calculating the Capacitor and Inductor Currents

The capacitor and inductor currents must be calculated to create the phasor diagrams. The real value will be plotted on the horizontal axis and the imaginary value will be plotted on the vertical axis.







[bookmark: _Toc100489415][bookmark: _Toc100604479]4	Simulation, Calculation and Graphical Results
[bookmark: _Toc100489416][bookmark: _Toc100604480]4.1	Proteus Simulation Results

Figures 4 and 5 show the results from the two Proteus simulations, with the second graph proving that the power factor correction reduced the phase angle between current and voltage.
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Figure 5 – Voltage and current comparison without PFC
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Figure 6 – Voltage and current comparison after PFC with an 88capacitor

Before power factor correction, the phase angle is -71.98meaning the power factor is 0.31 lag. After PFC, with an 88 capacitor, the phase angle is +12, meaning the power factor is 0.98 lead. The PFC capacitor was slightly larger than needed, causing the current to lead the voltage.






[bookmark: _Toc100489417][bookmark: _Toc100604481]4.2	Calculation Results

The results to the calculations are listed below.

Active power = 1668.51W
Reactive power = -4075.35 VAr
Apparent power = 4403.68 VA
Phase angle = -70.73
Power factor = 0.38 lag
PFC capacitor = 87.76

The following calculations were complete with an 88 capacitor.

Resonance = 50.26Hz
Q factor at 50Hz= 4.24
Capacitor current = 10.92A
Inductor current = -11.03A
Supply Current = 2.58A
Product of Q factor and supply current = 10.94A

[bookmark: _Toc100489418][bookmark: _Toc100604482]4.3	Graphical Results

Figures 6-10 show the graphs created for this report. Since the resonant frequency of the circuit is 50Hz, there are only 3 phasor diagrams. Figures 7-10 were all plotted using an 88 capacitor value.
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[bookmark: _Toc100604483]5	Discussion of the Results
[bookmark: _Toc100604484]5.1	Discussion of the Results to the Proteus Simulations

Figure 5 shows the circuit simulation results with no PFC. It shows that the current has a large phase difference and is ‘lagging’ the voltage. This was expected as explained in section 2.3. Figure 6 confirms that once the PFC capacitor is added, the phase angle is greatly reduced, however by not as much as calculated. This could be due to rounding/measurement errors. It is also known that theoretical calculations do not always match practical simulations as ‘ideal’ components do not exist.
 
The simulation results also show that the current has a much higher peak on the first cycle before gradually ramping down to a steady peak current. This is known as the inrush current and is due to the inductive load. When the inductor is first powered, there is zero back EMF (electromotive force) to oppose the supply so higher currents are allowed to flow. Once the magnetic field is established, the back EMF is produced, opposing the incoming supply, and limiting the current [8]. It is due to this surge that high inductive loads, such as quartz heaters, require C or D type breaks to prevent nuisance tripping. 

[bookmark: _Toc100604485]5.2	Discussion of Capacitance vs Power Factor

Figure 6 shows the relationship between the power factor and the capacitance. The power factor peaks above 0.95 over a relatively small range of capacitance. This supports the point made in section 2.3, where it was stated that it is very difficult to maintain a power factor over 0.95 in actual installations. The power factor peaks across this range of capacitance because it is the area where the resonant frequency is closest to the supply frequency.

[bookmark: _Toc100604486]5.3	Phasor Diagrams

The phasor diagrams from figures 8-10 demonstrate how the supply frequency affects the power factor. When the supply frequency is equal to resonance the phase angle between the voltage and supply current is zero and the inductive/capacitive currents are equal. When the supply frequency is increased, the capacitive current increases and the inductive current decreases, causing a leading power factor. The opposite happens when the frequency is decreased, creating a lagging power factor [9]. When this happens, the inductive/capacitive currents are no longer equal, and the reactive power is increased. On the phasor diagrams, the reactive current is the difference between the supply current and the load voltage on the vertical axis.



[bookmark: _Toc100604487]5.4	Resonant Frequency and the Q Factor

When the power factor is at or close to unity, two circuit conditions are met. The first condition is the supply frequency being equal to the resonant frequency. The second condition is the energy stored in the inductor and the capacitor are equal [10, p.322]. This causes the circuit to resonate. When this happens, the energy stored in the circuit resonates between the inductor and capacitor, with no wasted power being returned to the source. Under this condition, the circuit is purely resistive with apparent power and supply current being minimized. The resistance of the circuit is now known as the dynamic resistance. The current through the inductor and capacitor becomes much higher than the supply current. This magnification is known as the Q factor and was calculated in the results.

Due to the high current flowing between the inductor and capacitor, it is important to install them as near to each other as possible to minimize power losses through the resistive cables.

The theory discussed in this section is supported by the results in section 4.2 and by figure 11. Figure 11 shows that when the resonant frequency is 50Hz, the two reactive currents are equal, and the supply current is at its lowest.

[bookmark: _Toc100604488]5.5	Maximum Power Transfer

Maximum power transfer in AC circuits is the point at which the maximum magnitude of power can be transferred from the source to the load. This is achieved by following the maximum power transfer theorem. This states that maximum power is transferred when the load impedance is equal to the complex conjugate of the source impedance. Essentially, this means that the source and load resistance must be equal, and the source and load reactance must be equal in value with opposite signs so that they cancel each other out.

The RLC circuit in this report has no source reactance. By correcting the power factor to unity, the load also has no reactance, which will increase the maximum power which can be transferred since one of the two criteria for maximum power transfer is met. The load resistance is still different to the source resistance, so maximum power is still not transferred. This is not a bad thing because when the maximum power is transferred, the circuit efficiency is limited to a maximum of 50% because half of the supplied power is dissipated in the source [11]. Having a higher ratio between the load resistance and the source resistance will increase the circuit efficiency because a higher percentage of the power delivered is dissipated in the load.




[bookmark: _Toc100604489]Conclusion
Throughout this report, the theory behind power factor correction has been investigated and tested using simulations, calculations, and graphs. The results achieved from these tests have supported the theory which was postulated in the introduction. It has demonstrated that inductive and capacitive currents are 180 out of phase with each other, meaning the signs are opposite and they cancel each other out. It has also proven that for PFC to be achieved, the supply frequency must be equal to the resonant frequency. This method is how PFC is achieved to minimize wasted power and reduce the power specifications of an AC network to help lower the cost involved for both the consumer and the provider.  There are fine margins with PFC though and it can be difficult to maintain a power factor above 0.95. To accommodate this, PFC units are available which can switch capacitors in/out of a circuit to ensure the optimum power factor is maintained despite a varying load and supply.

One more important finding of this report is that when the power factor is at or close to unity, the current flowing through the circuit is much higher than the supply current. This must be considered when designing the circuit.
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4.3  Graphical Results

Figures 6-10 show the graphs created for this report. Since the resonant frequency of the circuit is 50Hz, there are
only 3 phasor diagrams. Figures 7-10 were all plotted using an 88uF capacitor value.
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